Measurement of the transverse momentum distribution of Drell-Yan lepton pairs in proton-proton collisions at $\sqrt{s}=13$ TeV with the ATLAS detector by Pałka, Marek & Richter-Wąs, Elżbieta
Eur. Phys. J. C (2020) 80:616
https://doi.org/10.1140/epjc/s10052-020-8001-z
Regular Article - Experimental Physics
Measurement of the transverse momentum distribution of
Drell–Yan lepton pairs in proton–proton collisions at
√
s = 13TeV
with the ATLAS detector
ATLAS Collaboration
CERN, 1211 Geneva 23, Switzerland
Received: 9 December 2019 / Accepted: 4 May 2020 / Published online: 10 July 2020
© CERN for the benefit of the ATLAS collaboration 2020
Abstract This paper describes precision measurements of
the transverse momentum pT ( = e, μ) and of the angular
variable φ∗η distributions of Drell–Yan lepton pairs in a mass
range of 66–116 GeV. The analysis uses data from 36.1 fb−1
of proton–proton collisions at a centre-of-mass energy of√
s = 13 TeV collected by the ATLAS experiment at the
LHC in 2015 and 2016. Measurements in electron-pair and
muon-pair final states are performed in the same fiducial vol-
umes, corrected for detector effects, and combined. Com-
pared to previous measurements in proton–proton collisions
at
√
s = 7 and 8 TeV, these new measurements probe per-
turbative QCD at a higher centre-of-mass energy with a dif-
ferent composition of initial states. They reach a precision
of 0.2% for the normalized spectra at low values of pT . The
data are compared with different QCD predictions, where it
is found that predictions based on resummation approaches
can describe the full spectrum within uncertainties.
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1 Introduction
In high-energy hadron–hadron collisions, the vector bosons
W and Z/γ ∗ are produced via quark–antiquark annihila-
tion [1], and can be observed with very small backgrounds
by using their leptonic decay modes. The vector bosons have
non-zero momentum transverse to the beam direction due
to the emission of quarks and gluons from the initial-state
partons as well as to the intrinsic transverse momentum
of the initial-state partons in the proton. Phenomenologi-
cally, the spectrum at low transverse momentum of the Z
boson, pT , reconstructed through the decay into a pair of
charged leptons, can be described using soft-gluon resum-
mation [2–7] and non-perturbative models to account for the
intrinsic transverse momentum of partons. At high pT the
spectrum can be calculated by fixed-order perturbative quan-
tum chromodynamics (QCD) predictions [8–12], and next-
to-leading-order electroweak (NLO EW) effects are expected
to be important [13–15]. Parton-shower models [16–18] or
resummation may be matched to fixed-order calculations to
describe the full spectrum.
A precise measurement of the pT spectrum provides an
important input to the background prediction in searches
for beyond the Standard Model (SM) processes, e.g. in the
monojet signature [19], as well as to SM precision measure-
ments. In particular, the measurement of the mass of the W
boson [20] relies on the measurement of the pT distribu-
tion to constrain the transverse momentum spectrum of the
W boson, pWT , since a direct measurement of the transverse
momentum distribution of W bosons is experimentally chal-
lenging [21]. The pT spectrum was measured previously in
proton–proton (pp) collisions at the Large Hadron Collider
(LHC) by the ATLAS Collaboration at centre-of-mass ener-
gies of
√
s = 7 TeV and 8 TeV [22,23], including several
mass regions near and away from the Z -boson resonance.
Related measurements were also made by the CMS [24–28]
and the LHCb [29–31] collaborations at the LHC and by the
123
616 Page 2 of 28 Eur. Phys. J. C (2020) 80 :616
CDF [32] and D0 [33,34] collaborations in p p̄ collisions at
the TeVatron.
Compared to measurements at lower
√
s, Z -boson produc-
tion at 13 TeV is characterized by a smaller parton momentum
fraction of the colliding protons, leading to a different flavour
composition and a larger phase space for hard QCD radia-
tion. A precise measurement will test this energy dependence
and play an important role in future studies of the W -boson
mass using the 13 TeV data.
The granularity of the measurement in the low-pT domain
is limited by the lepton momentum resolution. To overcome
this limitation, the φ∗η observable was introduced [35] as an






× sin(θ∗η ) ,
where φ is the azimuthal angle in radians between the
two leptons. The angle θ∗η is a measure of the scattering
angle of the leptons relative to the proton beam direction
in the rest frame of the dilepton system and is defined by
cos(θ∗η ) = tanh[(η− − η+)/2], where η− and η+ are the
pseudorapidities1 of the negatively and positively charged
lepton, respectively. Therefore, φ∗η depends exclusively on
the directions of the two leptons, which are measured more
precisely than their momenta.
In this paper, measurements of the pT and the φ
∗
η spec-
tra are presented using pp collision data at
√
s = 13 TeV
collected in 2015 and 2016 with the ATLAS detector, corre-
sponding to an integrated luminosity of 36.1 fb−1. Both the
dielectron and dimuon final states Z/γ ∗ →  ( = e or
μ) are analysed in a dilepton mass window of m = 66–
116 GeV. The measurement is performed in a fiducial phase
space that is close to the detector acceptance for leptons in
transverse momentum pT and pseudorapidity η.
2 The ATLAS detector
The ATLAS experiment uses a multipurpose detector [36–
38] with a cylindrical geometry and almost 4π coverage
in solid angle. The collision point is surrounded by track-
ing detectors, collectively referred to as the inner detector
(ID), followed by a superconducting solenoid providing a 2 T
1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
R = √(η)2 + (φ)2.
axial magnetic field, a calorimeter system and a muon spec-
trometer. The ID provides precise measurements of charged-
particle tracks in the pseudorapidity range |η| < 2.5. It
consists of three subdetectors arranged in a coaxial geom-
etry around the beam axis: a silicon pixel detector, a silicon
microstrip detector and a transition radiation tracker.
The electromagnetic calorimeter covers the region |η| <
3.2 and is based on a high-granularity, lead/liquid- argon
(LAr) sampling technology. The hadronic calorimeter uses
a steel/scintillator-tile detector in the region |η| < 1.7 and a
copper/LAr detector in the region 1.5 < |η| < 3.2. The for-
ward calorimeter (FCAL) covers the range 3.2 < |η| < 4.9
and also uses LAr as the active material and copper or tung-
sten absorbers for the EM and hadronic sections, respectively.
The muon spectrometer (MS) consists of separate trig-
ger and high-precision tracking chambers to measure the
deflection of muons in a magnetic field generated by three
large superconducting toroids arranged with an eightfold
azimuthal coil symmetry around the calorimeters. The high-
precision chambers cover a range of |η| < 2.7. The muon
trigger system covers the range |η| < 2.4 with resistive-plate
chambers in the barrel and thin-gap chambers in the endcap
regions.
A two-level trigger system is used to select events in real
time [39]. It consists of a hardware-based first-level trigger
and a software-based high-level trigger. The latter employs
algorithms similar to those used offline and is used to identify
electrons and muons.
3 Analysis methodology
3.1 Description of the measurements
The Z -boson differential cross-sections are measured as a
function of pT and φ
∗
η separately for the dielectron and
dimuon decay channels. Only small background contribu-
tions are expected. The results are reported within a fidu-
cial phase space chosen to be close to the experimental
acceptance defined by the lepton transverse momenta pT >
27 GeV, the absolute lepton pseudorapidity |η| < 2.5 and
the dilepton invariant mass m = 66–116 GeV.
The lepton kinematics can be described at different lev-
els regarding the effects of final-state photon radiation (QED
FSR). Cross-sections at Born level employ the lepton kine-
matics before QED FSR, while the bare level is defined by
leptons after emission of QED FSR. A dressed lepton is
defined by combining the bare four-momenta of each lep-
ton with that of QED FSR photons radiated from the lepton
within a cone of size R = 0.1 around the lepton. The results
in this paper are reported at the dressed and Born levels.
The differential cross-sections in pT and φ
∗
η are measured
and their normalized spectra derived. The total systematic
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uncertainty of the latter is significantly reduced due to large
correlations in many sources of uncertainty between the mea-
surement bins.
3.2 Simulated event samples
Events simulated by Monte Carlo (MC) generators are used
to predict the detector response to the signal process in order
to correct the data for detector inefficiencies and resolution
as well as to estimate most of the background from processes
other than Z/γ ∗ →  in the selected data sample.
The Z/γ ∗ →  signal process was generated with the
Powheg-Box V1 MC event generator [40–43] at next-to-
leading order in αS interfaced to Pythia 8.186 [17] for the
modelling of the parton shower, hadronization, and under-
lying event, with parameters set according to the AZNLO
tune [22]. The CT10 (NLO) set of parton distribution func-
tions (PDF) [44] was used for the hard-scattering processes,
whereas the CTEQ6L1 PDF set [45] was used for the parton
shower. The effect of final-state photon radiation was sim-
ulated with Photos++ v3.52 [46,47]. The EvtGen v1.2.0
program [48] was used to decay bottom and charm hadrons.
Powheg+Pythia8 was also used to simulate the major-
ity of the background processes considered. The Z → ττ
and the diboson processes WW , WZ and Z Z [49] (requir-
ing m > 4 GeV for any pair of same-flavour opposite-
charge leptons) used the same tune and PDF as the sig-
nal process. The t t̄ and single-top-quark [50,51] back-
grounds to the dielectron channel were simulated with
Powheg+Pythia6 [52] with the P2012 tune [53] and CT10
PDF, while for the dimuon channel Powheg+Pythia8 with
the A14 tune [54] and the NNPDF3.0 PDF [55] was used. It
was found that the prediction of the t t̄ background is in very
good agreement for both generators. The photon-induced
background γ γ →  was generated with Pythia8 using
the NNPDF2.3 QED PDF [56].
The effect of multiple interactions in the same and neigh-
bouring bunch crossings (pile-up) was modelled by overlay-
ing the hard-scattering event with simulated minimum-bias
events generated withPythia8.186 using the MSTW2008LO
set of PDFs [57] and the A2 tune [58]. The simulated event
samples were reweighted to describe the distribution of
the number of pile-up interactions in the data, and further
reweighted such that the distribution of the longitudinal posi-
tion of the primary pp collision vertex matches that in data.
The primary vertex is defined as the vertex with at least two
reconstructed tracks with pT > 0.4 GeV and with the high-
est sum of squared transverse momenta of associated tracks.
The Geant4 program was used to simulate the passage of
particles through the ATLAS detector [59,60]. The simulated
events are reconstructed with the same analysis procedure as
the data. The reconstruction, trigger and isolation efficien-
cies as well as lepton momentum scale and resolution in the
MC simulation are corrected to match those determined in
data [61–63].
3.3 Event selection
Candidate Z → ee events are triggered requiring at least one
identified electron with pT > 24 GeV in 2015 and pT >
26 GeV in 2016 data [64]. In addition to the increased pT
threshold, the electron also has to satisfy isolation criteria
in the 2016 data. Candidate Z → μμ events were recorded
with triggers that require at least one isolated muon with
pT > 20 GeV in 2015 and pT > 26 GeV in 2016 data.
Electron candidates are reconstructed from clusters of
energy in the electromagnetic calorimeter matched to ID
tracks [62]. They are required to have pT > 27 GeV and
|η| < 2.47 (excluding the transition regions between the
barrel and the endcap electromagnetic calorimeters, 1.37 <
|η| < 1.52). Electron candidates are required to pass the
‘medium‘ identification requirement, and are also required to
be isolated according to the ‘gradient’ isolation criterion [62].
Muon candidates are reconstructed by combining tracks
reconstructed in the inner detector with tracks reconstructed
in the MS [61]. They are required to have pT > 27 GeV and
|η| < 2.5 and satisfy identification criteria corresponding to
the ‘medium’ working point [61]. Track quality requirements
are imposed to suppress backgrounds, and the muon candi-
dates are required to be isolated according to the ‘gradient’
isolation criterion [61], which is pT- and η-dependent and
based on the calorimeter and track information.
Electron and muon candidates are required to originate
from the primary vertex. Thus, the significance of the track’s
transverse impact parameter calculated relative to the beam
line, |d0/σd0 |, must be smaller than 3.0 for muons and less
than 5.0 for electrons. Furthermore, the longitudinal impact
parameter, z0 (the difference between the z-coordinate of the
point on the track at which d0 is defined and the longitudinal
position of the primary vertex), is required to satisfy |z0 ·
sin(θ)| < 0.5 mm.
Events are required to contain exactly two same-flavour
leptons passing the lepton selection. The two leptons must
be of opposite electric charge and their invariant mass must
satisfy 66 < m < 116 GeV. No additional veto on the
presence of leptons of different flavour is applied. Table 1
shows the number of events satisfying the above selection
criteria in the electron channel and the muon channel. Also
given are the estimated contributions from the background
sources described below in Sect. 3.4.
3.4 Estimation of backgrounds
The backgrounds from all sources other than multijet pro-
cesses are estimated using the MC samples detailed in
Sect. 3.2. The number and properties of the background
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Table 1 Selected signal
candidate events in data for both




Z/γ ∗ → ee Z/γ ∗ → μμ
Two reconstructed leptons within fiducial volume 13 649 239 18 162 641
Electroweak background (Z → ττ , WW , WZ , Z Z ) 40 000 ± 2000 50 000 ± 2500
Photon-induced background 2900 ± 140 4100 ± 200
Top-quark background 38 000 ± 1900 45 400 ± 2200
Multijet background 8500 ± 4900 1000 ± 200
Total background 89 400 ± 5600 100 500 ± 3300
events where one or two reconstructed lepton candidates orig-
inate from hadrons or hadron decay products, i.e. multijet
processes as well as W+jets, are estimated using the data-
driven techniques described in the following for both decay
channels.
In the electron channel, a multijet-dominated sample is
selected from data with two same-charge electron candi-
dates satisfying the ‘loose’ identification criteria, but not
the ‘medium’ criteria [62], i.e. they are more likely to be
caused by misidentified jets. This sample is collected by a di-
electron trigger without isolation criteria [64]. In the muon
channel, a multijet sample is obtained by selecting two same-
charge muons. The residual contamination from processes
with prompt leptons is estimated using the simulation and
subtracted.
The normalization of the multijet template in the electron
channel is determined in a fit to the distribution of the elec-
tron isolation using all event-selection criteria except those
for the isolation variables. Systematic uncertainties in the
normalization are estimated by varying the fit range on the
electron isolation distribution.
In the muon channel, the normalization is obtained using
the ratio of number of opposite-charge dimuon events to the
number of same-charge dimuon events where the muons fail
to satisfy the isolation criterion. Assuming no correlation
between the isolation of muons in multijet events and their
charge, this ratio can be applied to a control sample, defined
by pairs of isolated same-charge muons passing the signal-
kinematic selection, to determine the multijet contamination
in the signal region. The systematic uncertainty in the esti-
mate is obtained by varying the isolation criterion for the
muons.
The total fraction of selected data events originating from
background processes is about 0.6% in both the electron and
muon channels. The background is dominated by contribu-
tions from diboson and t t̄ processes. An overview of the
estimated number of background events is given in Table 1,
together with the corresponding total uncertainties.
Figure 1 shows the dilepton invariant mass and the lep-
ton pseudorapidity distribution, for the electron and muon
channels separately. The predictions are in fair agreement
with the data. The impact of the residual differences between
these distributions on the pT and φ
∗
η measurements is esti-
mated by reweighting the MC signal sample to data and then
repeating the measurement procedure. Figure 2 compares the
measured pT and φ
∗
η distributions for both channels with the
signal MC predictions. The disagreement between the data
and the predictions for large values of pT and φ
∗
η is expected
because Powheg+Pythia8 is effectively a computation at
leading-order in αS in this region.
3.5 Correction for detector effects
The production cross-section times the branching ratio for
decays into a single lepton flavour are measured in fiducial
volumes as defined in Sect. 3.1. Integrated fiducial cross-
sections in the electron and muon channels are computed
following the equation
σ fidZ/γ ∗→ =
NData − NBkg
CZ · L ,
where NData is the number of observed signal candidates
and NBkg is the number of background events expected in
the selected sample. The integrated luminosity of the sam-
ple is L = 36.1 fb−1. A correction for the event detection
efficiency is applied with the factor CZ , which is obtained
from the simulation of signal events as the ratio of the sum
of event weights after simulation, reconstruction and selec-
tion, to the sum of MC event weights for events satisfying
the fiducial requirements. The factorCZ is affected by exper-
imental uncertainties, described in Sect. 4, while theory and
modelling uncertainties are negligible.
The differential distributions within the fiducial volume
are corrected for detector effects and bin-to-bin migrations
using an iterative Bayesian unfolding method [65–67]. First,
the data are corrected for events that pass the detector-level
selection but not the particle-level selection. Then, the iter-
ative Bayesian unfolding technique is used as a regular-
ized way to correct for the detector resolution in events
that pass both the detector-level and particle-level selections.
The method is applied with four iterations implemented in
the RooUnfold framework [67]. After the application of the
response matrix, a final correction is applied to account for
events that pass the particle-level but not detector-level selec-
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Fig. 1 The distribution of events passing the selection requirements
in the electron channel (left) and muon channel (right) as a function
of dilepton invariant mass m (upper row) and lepton pseudorapidity
η (lower row), the latter with one entry for each lepton per event. The
MC signal sample is simulated using Powheg+Pythia8. The statistical
uncertainties of the data points are generally smaller than the size of
the markers. The predictions of the MC signal sample together with the
MC background samples are normalized to the integral of the data and
the total experimental uncertainty of the predicted values is shown as a
grey band in the ratio of the prediction to data
tion, resulting in unfolded distributions on Born and dressed
particle level. The response matrices, which connect the dis-
tributions at reconstruction and particle level, as well as the
correction factors are derived using the Powheg+Pythia
signal MC sample.
4 Statistical and systematic uncertainties
Uncertainties in the measurement are assessed for each
aspect of the analysis, including the background subtraction,
event detection efficiencies, response matrix, and unfolding
method. The entire analysis procedure is repeated for each
systematic uncertainty. Each source of uncertainty is varied
to estimate the effect on the final result.
The effect on the measurement from the size of the
data and MC samples is estimated by generating pseudo-
experiment variations of the respective samples. The result-
ing statistical uncertainties are considered as uncorrelated
between bins and between channels.
Uncertainties in the scale and resolution of the electron
energy scale [63] and muon momentum scale [61] are among
the dominant uncertainties in the pT measurement. Further-
more, uncertainties related to lepton reconstruction and selec-
tion efficiencies are considered [39,61,62,64], covering the
lepton identification, reconstruction, isolation, triggering and
track-to-vertex matching processes. The lepton related sys-
tematic uncertainties have only a small statistical compo-
nent. There is an additional uncertainty in the muon channel
to cover charge-dependent biases in the muon momentum
measurement. The majority of these experimental uncertain-
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Fig. 2 The distribution of events passing the selection requirements
in the electron channel (left) and muon channel (right) as a function
of dilepton transverse momentum (upper row) and φ∗η (lower row). The
MC signal sample is simulated using Powheg+Pythia8. The statistical
uncertainties of the data points are generally smaller than the size of the
markers. The predictions are normalized to the integral of the data and
the total experimental uncertainty of the predicted values is shown as a
grey band in the ratio of the prediction to data
ties are considered correlated between bins of pT and φ
∗
η .
An exception are the components of the reconstruction and
identification efficiencies which have a significant statistical
component due to the limited number of events in the data
samples used to derive the efficiency corrections. Uncertain-
ties related to electron or muon reconstruction and identifica-
tion are always assumed to be uncorrelated with each other.
They dominate the uncertainty in the fiducial cross-section
measurement.
The uncertainties in the MC background estimates are
obtained by independently varying the theory cross-sections
used to normalize the corresponding samples and observing
the effect on the measured pT and φ
∗
η cross-sections. These
background uncertainties are considered correlated between
bins of pT and φ
∗
η and between the electron and muon chan-
nels. As described in Sect. 3.4, the uncertainty in the multijet
background in the electron channel is obtained by changing
the input range of the template used to estimate the multijet
background. For the muon channel, the measurement is per-
formed again with a modified isolation variable used in the
normalization procedure. The differences between the nomi-
nal and modified measurements are used as uncertainty. The
estimated multijet backgrounds are assumed to be uncorre-
lated between the channels.
An uncertainty is derived to cover the mis-modelling of
the simulated pile-up activity following the measurement of
the cross-section of inelastic pp collisions [68]. Also, the
uncertainty in modelling the distribution of the longitudinal
position of the primary vertex is considered. These uncertain-
ties are treated as correlated between the electron channel and
muon channel.
The uncertainty from the unfolding method is determined
by repeating the procedure with a different simulation where
the nominal particle-level spectrum is reweighted so that the
simulated detector-level spectrum is in good agreement with
the data. The modified detector-level distribution is unfolded
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Table 2 Overview of the detector efficiency correction factors,CZ , for the electron and muon channels and their systematic uncertainty contributions
Electron channel Muon channel
Born Dressed Born Dressed
CZ 0.509 ± 0.005 0.522 ± 0.005 0.685 ± 0.011 0.702 ± 0.011
Trigger efficiencies ±0.0004 ±0.0004
Identification & reconstruction efficiencies ±0.0049 ±0.0102
Isolation efficiencies ±0.0009 ±0.0029
Energy/momentum scale and resolution ±0.0014 ±0.0010
Pile-up ±0.0011 ±0.0019
Model uncertainties ±0.0001 ±0.0001
with the nominal response matrix and the difference between
the result and the reweighted particle-level spectrum is taken
as the bias of the unfolding method due to the choice of prior.
The closure of the unfolding procedure is also tested using
the generator-level distributions of the Sherpa MC sample
described in Sect. 5.2, where consistent results within the
assigned unfolding uncertainties are found.
The uncertainty from the choice of PDF used in the sig-
nal MC generator is evaluated by reweighting the signal MC
simulation to the 52 error sets of the CT10 PDF set and com-
puting the resulting variation of the results [44,69]. The dif-
ferences found in this way are negligible, similar to scale-
choice uncertainties. The uncertainty in the combined 2015–
2016 integrated luminosity is 2.1% [70], obtained using the
LUCID-2 detector [71] for the primary luminosity measure-
ments. This uncertainty only applies to the absolute cross-
section measurements.
The experimental uncertainties of CZ for the integrated
fiducial cross-section measurements in the electron and muon
channels are summarized in Table 2. The electron identifi-
cation efficiency and muon reconstruction efficiency con-
tribute a large fraction of the total systematic uncertainty
for both the integrated and absolute differential measure-
ments. These uncertainties are greatly reduced for the nor-
malized measurement of differential distributions. A sum-
mary of the uncertainties in the normalized differential
cross-section measurements is provided in Fig. 3 as a func-
tion of pT and φ
∗
η for both decay channels. The statisti-
cal uncertainties for the electron and muon channel mea-
surements are a combination of the uncertainties due to
limited data and MC sample sizes. The systematic uncer-
tainties are divided into categories and originate from lep-
ton scales and resolutions, reconstruction and identifica-
tion efficiencies, as well as the MC signal modelling in the
unfolding procedure and further smaller uncertainty sources
such as the subtraction of background contributions. These
smaller contributions are summarized as “other” uncertain-
ties.
5 Results and discussion
5.1 Combination
The fiducial cross-sections measured in the Z/γ ∗ → ee and
Z/γ ∗ → μμ channels are presented in Table 3 including
statistical, systematic and luminosity uncertainties. When
correcting for the more restrictive fiducial volume defini-
tion, these results are in good agreement with the previ-
ous ATLAS measurements at 13 TeV [72]. The electron-
and muon-channel cross-sections are combined using χ2
minimization, following the best linear unbiased estima-
tor prescription (Blue) [73–75]. The combination is per-
formed on Born level, resulting in a combined cross-section
of σfid(pp → Z/γ ∗ → ) = 736.2 ± 0.2(stat) ± 6.4
(sys) ± 14.7 (lumi) pb (Table 3).2 There is a reduction of
the uncertainty compared to individual electron- and muon-
channel measurements since the dominant detector-related
systematic uncertainty sources are largely uncorrelated. The
uncertainties due to pile-up, physics modelling and luminos-
ity are treated as correlated between the two decay chan-
nels.
The normalized differential cross-sections 1/σfid × d
σfid/dpT and 1/σfid × dσfid/dφ∗η measured in the two decay
channels as well as their combination are illustrated in Fig. 4.
When building the χ2 for combination procedure, the mea-
surement uncertainties are separated into those from bin-
to-bin uncorrelated sources and those from bin-to-bin cor-
related sources, the latter largely reduced due to the nor-
malization by the fiducial cross-section. The normalized dif-
ferential measurements are combined at Born level follow-
ing the Blue prescription. The resulting χ2/Ndof = 47/44
for the combination for pT and the χ
2/Ndof = 32/36
for φ∗η indicate good agreement between the two chan-
2 The results on dressed level are about 2.4% lower compared to the
Born level definition
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Fig. 3 The systematic uncertainties for the electron channel measure-
ment (left) and muon channel measurement (right) for the normalized
pT (upper row) and normalized φ
∗
η (lower row). The statistical uncer-
tainties are a combination of the uncertainties due to limited data and
MC sample sizes. The pT distribution is split into linear and logarithmic
scales at 30 GeV. Some uncertainties are larger than 2% for pT > 200
GeV and hence cannot be displayed. The corresponding uncertainties
are also summarized in Table 4
Table 3 Measured integrated
cross-section in the fiducial
volume in the electron and muon
decay channels at Born level
and their combination as well as
the theory prediction at NNLO
in αS using the CT14 PDF set
Channel Measured cross-section × B(Z/γ ∗ → ) Predicted cross-section × B(Z/γ ∗ → )
(value ± stat. ± syst. ± lumi.) (value ± PDF ± αS ± scale ± intrinsic)
Z/γ ∗ → ee 738.3 ± 0.2 ± 7.7 ± 15.5 pb
Z/γ ∗ → μμ 731.7 ± 0.2 ± 11.3 ± 15.3 pb
Z/γ ∗ →  736.2 ± 0.2 ± 6.4 ± 15.5 pb 703+19−24 +6−8 +4−6 +5−5 pb [72]
nels.3 The combined precision is between 0.1% and 0.5%
for pT < 100 GeV, rising to 10% towards the high end
of the spectrum, where the overall precision is limited by
the data and MC sample size. The combined results for
both distributions are presented in Table 4 including sta-
tistical and bin-to-bin uncorrelated and correlated system-
atic uncertainties. The measurement results are reported at
Born level and factors kdr, the binwise ratio of dressed and
3 The χ2/Ndof is still good when taking into account only bins with
pT > 50 GeV.
born level results, are given to transfer to the dressed particle
level.
5.2 Comparison with predictions
The integrated fiducial cross-section is compared with a
fixed-order theory prediction that is computed in the same
way as in Ref. [76]. The speed-optimized DYTurbo [77]
version of the DYNNLO 1.5 [10] program with the CT14
NNLO set of PDFs [78] is used to obtain a prediction at
next-to-next-to-leading order (NNLO) in αS in the Gμ EW
123
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Fig. 4 The measured normalized cross section as a function of pT
(left) and φ∗η (right) for the electron and muon channels and the com-
bined result as well as their ratio together with the total uncertainties,
shown as a blue band. The pull distribution between the electron and
muon channels, defined as the difference between the two channels
divided by the combined uncorrelated uncertainty, is also shown. The
pT distribution is split into linear and logarithmic scales at 30 GeV
Table 4 The measured combined normalized differential cross-sections, divided by the bin-width, in the fiducial volume at Born level as well as a
factor kdr to translate from the Born particle level to the dressed particle level










0–2 0.024189 ± 0.15% ± 0.18% 0.978 0–0.004 8.8053 ± 0.03% ± 0.13% 0.992
2–4 0.051144 ± 0.06% ± 0.08% 0.985 0.004–0.008 8.6969 ± 0.03% ± 0.13% 0.993
4–6 0.053232 ± 0.05% ± 0.08% 0.994 0.008–0.012 8.5624 ± 0.02% ± 0.13% 0.993
6–8 0.047383 ± 0.05% ± 0.08% 1.000 0.012–0.016 8.3378 ± 0.02% ± 0.13% 0.994
8–10 0.040568 ± 0.04% ± 0.09% 1.010 0.016–0.02 8.0881 ± 0.03% ± 0.14% 0.994
10–12 0.034317 ± 0.06% ± 0.11% 1.010 0.02–0.024 7.7920 ± 0.03% ± 0.14% 0.995
12–14 0.029157 ± 0.07% ± 0.12% 1.010 0.024–0.029 7.4174 ± 0.02% ± 0.12% 0.995
14–16 0.024804 ± 0.06% ± 0.14% 1.010 0.029–0.034 7.0360 ± 0.02% ± 0.13% 0.996
16–18 0.021268 ± 0.05% ± 0.15% 1.010 0.034–0.039 6.5989 ± 0.02% ± 0.13% 0.998
18–20 0.018325 ± 0.04% ± 0.16% 1.010 0.039–0.045 6.1608 ± 0.02% ± 0.12% 0.998
20–22.5 0.015605 ± 0.03% ± 0.14% 1.010 0.045–0.051 5.7085 ± 0.01% ± 0.13% 0.999
22.5–25 0.013180 ± 0.03% ± 0.15% 1.000 0.051–0.057 5.2791 ± 0.02% ± 0.14% 1.000
25–27.5 0.011207 ± 0.04% ± 0.17% 1.000 0.057–0.064 4.8488 ± 0.02% ± 0.13% 1.000
27.5–30 0.0095568 ± 0.05% ± 0.19% 0.999 0.064–0.072 4.4139 ± 0.01% ± 0.12% 1.000
30–33 0.0081029 ± 0.06% ± 0.17% 0.998 0.072–0.081 3.9705 ± 0.01% ± 0.12% 1.000
33–36 0.0067881 ± 0.08% ± 0.19% 0.996 0.081–0.091 3.5515 ± 0.01% ± 0.12% 1.000
36–39 0.0057563 ± 0.09% ± 0.21% 0.994 0.091–0.102 3.1421 ± 0.02% ± 0.13% 1.000
39–42 0.0048769 ± 0.12% ± 0.23% 0.993 0.102–0.114 2.7659 ± 0.01% ± 0.13% 1.000
42–45 0.0041688 ± 0.12% ± 0.25% 0.992 0.114–0.128 2.4125 ± 0.01% ± 0.13% 1.000
45–48 0.0035213 ± 0.14% ± 0.28% 0.993 0.128–0.145 2.0648 ± 0.01% ± 0.12% 1.000
48–51 0.0029751 ± 0.17% ± 0.31% 0.991 0.145–0.165 1.7299 ± 0.02% ± 0.13% 1.000
51–54 0.0025433 ± 0.18% ± 0.35% 0.992 0.165–0.189 1.4282 ± 0.02% ± 0.13% 1.000
54–57 0.0021832 ± 0.20% ± 0.38% 0.994 0.189–0.219 1.1469 ± 0.02% ± 0.12% 1.000
57–61 0.0018779 ± 0.15% ± 0.31% 0.994 0.219–0.258 0.8848 ± 0.02% ± 0.12% 1.000
61–65 0.0015932 ± 0.17% ± 0.35% 0.994 0.258–0.312 0.6470 ± 0.03% ± 0.11% 1.000
65–70 0.0013519 ± 0.16% ± 0.32% 0.995 0.312–0.391 0.4387 ± 0.03% ± 0.11% 1.000
70–75 0.0011323 ± 0.17% ± 0.37% 0.995 0.391–0.524 0.2610 ± 0.03% ± 0.10% 1.000
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Table 4 continued










75–80 0.0009574 ± 0.20% ± 0.43% 0.995 0.524–0.695 0.1414 ± 0.04% ± 0.13% 1.000
80–85 0.0008150 ± 0.22% ± 0.49% 0.995 0.695–0.918 0.07462 ± 0.07% ± 0.17% 1.000
85–95 0.0006537 ± 0.14% ± 0.29% 0.996 0.918–1.153 0.04047 ± 0.12% ± 0.27% 1.000
95–105 0.0004849 ± 0.18% ± 0.37% 0.995 1.153–1.496 0.02167 ± 0.14% ± 0.30% 1.000
105–125 0.0003291 ± 0.12% ± 0.25% 0.996 1.496–1.947 0.01084 ± 0.18% ± 0.42% 1.000
125–150 0.0001861 ± 0.16% ± 0.32% 0.994 1.947–2.522 0.005386 ± 0.23% ± 0.59% 1.000
150–175 0.0001050 ± 0.24% ± 0.51% 0.993 2.522–3.277 0.002738 ± 0.31% ± 0.79% 1.000
175–200 6.1279·10−5 ± 0.30% ± 0.78% 0.992 3.277–5.000 0.0011730 ± 0.29% ± 0.72% 1.000
200–250 3.0584·10−5 ± 0.22% ± 0.66% 0.995 5.000–10.00 0.0003372 ± 0.30% ± 0.78% 0.997
250–300 1.2211·10−5 ± 0.34% ± 1.4% 0.997
300–350 5.9026·10−6 ± 0.56% ± 2.3% 0.994
350–400 2.7742·10−6 ± 0.90% ± 3.8% 0.991
400–470 1.2513·10−6 ± 0.82% ± 4.9% 0.991
470-550 5.5219·10−7 ± 1.2% ± 7.9% 0.994
550–650 2.0165·10−7 ± 1.5% ± 13% 0.995
650–900 5.1153·10−8 ± 1.8% ± 16% 0.990
900–2500 1.5735·10−9 ± 6.3% ± 60% 0.964
scheme [79]. The FEWZ 3.1 [9] program is used to com-
pute next-to-leading-order (NLO) electroweak corrections
and to cross-check the DYNNLO calculation. The predic-
tion is shown in Table 3 together with its uncertainties esti-
mated as follows. The dominant uncertainty is from lim-
ited knowledge of the proton PDFs and is estimated using
the eigenvectors of the respective CT14 PDF set, rescaled
from 90% to 68% confidence level. The uncertainties due
to the strong coupling constant are estimated by varying αS
by ±0.001. Missing higher-order QCD corrections are esti-
mated by variations of the renormalization (μr) and factor-
ization (μ
f
) scales by factors of two with an additional con-
straint of 0.5 ≤ μr/μf ≤ 2 around the nominal value of
m. The deviation from the FEWZ calculation is taken as an
intrinsic uncertainty in the NNLO QCD calculation. A more
detailed discussion of the agreement with theory predictions
using different PDF sets is given in Ref. [72].
The differential measurements are compared with a vari-
ety of predictions of the pT and φ
∗
η spectra that are based on
different theoretical approaches to take into account both the
soft and hard emissions from the initial state (ISR). Unless
stated otherwise, the predictions do not consider NLO EW
effects. The comparisons between the combined result cor-
rected to QED Born level and the various predictions are
shown in Figs. 5 and 6. Systematic uncertainties in the the-
oretical predictions are evaluated for this comparison where
feasible.
The first prediction is obtained from Pythia8 with matrix
elements at LO in αS supplemented with a parton shower with
the AZ set of tuned parameters [22]. The AZ tune optimized
the intrinsic kT and parton shower ISR parameters to opti-
mally describe the ATLAS 7 TeV pT and φ
∗
η data [22,80]. It
was later used in the measurement of theW -boson mass using
7 TeV data [20], which requires a high-precision description
of the W -boson transverse momentum spectrum at low pT.
The second prediction is based on Powheg+Pythia8
using NLO matrix elements with the Pythia8 parton shower
parameters set according to the AZNLO tune [22] derived
using the same data as the Pythia8 AZ tune. The predic-
tions using the AZ and AZNLO tunes describe the 13 TeV
data to within 2–4% in the region of low pT < 40 GeV and
φ∗η < 0.5, and in this region the prediction using the Pythia8
AZ tune is the one that agrees best with the data. This shows
that predictions based on tunes to 7 TeV collision data can
also provide a good description at significantly higher centre-
of-mass energies for low pT . At high p

T these predictions
are well below the data due to missing higher-order matrix
elements, similar to the situation observed at lower
√
s.
The third prediction is simulated with the Sherpa v2.2.1
[18] generator. In this set-up, NLO-accurate matrix elements
for up to two partons, and LO-accurate matrix elements for
up to four partons are calculated with the Comix [81] and
OpenLoops [82,83] libraries. The default Sherpa parton
shower [84] based on Catani–Seymour dipole factorisation
and the cluster hadronization model [85] is used with the
dedicated set of tuned parameters developed by the authors
for the NNPDF3.0nnlo PDF set [55]. The NLO matrix ele-
ments of a given parton multiplicity are matched to the parton
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Fig. 5 Comparison of the normalized pT (left) and φ
∗
η (right) distribu-
tions predicted by different computations: Pythia8 with the AZ tune,
Powheg+Pythia8 with the AZNLO tune, Sherpa v2.2.1 and RadISH
with the Born level combined measurement. The uncertainties of the
measurement are shown as vertical bars and uncertainties of the Sherpa
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Fig. 6 Comparison of the normalized pT distribution in the range
pT > 10 GeV. The Born level combined measurement is compared
with predictions by Sherpa v2.2.1, fixed-order NNLOjet and NNLO-
jet supplied with NLO electroweak corrections. The uncertainties in
the measurement are shown as vertical bars and the uncertainties in the
predictions are indicated by the coloured bands
shower using a colour-exact variant of the MC@NLO algo-
rithm [86]. Different parton multiplicities are then merged
into an inclusive sample using an improved CKKW matching
procedure [87,88] which is extended to NLO accuracy using
the MEPS@NLO prescription [89]. The merging threshold
is set to 20 GeV. Uncertainties from missing higher orders
are evaluated [90] using seven variations of the QCD factor-
ization and renormalization scales in the matrix elements by
factors of 0.5 and 2, avoiding variations in opposite direc-
tions. For the computation of uncertainties in the normalized
spectra the effect of a certain variation is fully correlated
across the full spectrum and an envelope of all variations is
taken at the end, which results in uncertainties of 3–4% at low
pT and up to 25% at high p

T . The effects of uncertainties in
the PDF set are evaluated using 100 replica variations and are
found to be very small, typically < 1% up to pT < 100 GeV
and a few percent above. Sherpa does describe the data in
the high pT > 30 GeV and φ
∗
η > 0.1 region to within about
4% up to the point where statistical uncertainties in the data
exceed that level, which is better than the uncertainty esti-
mate obtained from scale variations. On the other hand, the
Sherpa prediction disagrees with the shape of the data at
low pT < 25 GeV and somewhat less with the φ
∗
η distribu-
tion. The data may be useful in improving the parton shower
settings in this regime.
Finally a prediction based on the RadISH program
[91,92] is presented that combines a fixed-order NNLO
prediction of Z+jet production (O(α3S)) from NNLO-
jet [93] with resummation of log(m/pT ) terms at next-to-
next-to-next-to-leading-logarithm (N3LL) accuracy [7]. The
NNPDF3.1nnlo set of PDFs [94] is used with QCD scales
set to μr = μf =
√
(m)2 + (pT )2 and the resummation
scale set to Q = m/2. Uncertainties in this prediction are
derived from variations of μr and μf in the same way as for
the Sherpa prediction described above and, in addition, two
variations of Q by a factor of two up and down, assuming
that the effects of scale variations are fully correlated across
the full spectrum. Within the uncertainties of typically 1–
3% the RadISH prediction agrees with the data over the full
spectrum of pT and φ
∗
η , apart from a small tension in the
very low pT and φ
∗
η region where non-perturbative effects
are relevant, highlighting the benefits of this state-of-the-art
prediction.
Figure 6 compares the pT measurement with predictions
in the range of pT > 10 GeV. In addition to the Sherpa
prediction described above, the data are compared with the
123
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fixed-order NNLOjet prediction described above both with
and without NLO EW corrections [13]. The NNLOjet pre-
diction is only expected to describe the data at sufficiently
large pT  15 GeV, while deviations for smaller values are
expected due to large logarithms ln(m/pT ) [93]. At the
highest pT values probed, the application of NLO EW leads
to a suppression of up to 20% due to large Sudakov loga-
rithms. The theoretical uncertainties on these corrections are
not shown, but have been elsewhere estimated to be up to
5% for pT ≈ 1 TeV [15]. In this region, NNLOjet without
NLO EW corrections is generally above the data, and when
including these corrections it tends to be lower than the data.
However, the difference is not significantly larger than the
uncertainties in the measurements.
6 Conclusion
Measurements of the Z/γ ∗ → ee and Z/γ ∗ → μμ
cross-sections, differential in the transverse momentum and
φ∗η , have been performed in a fiducial volume defined by
pT > 27 GeV, |η| < 2.5 and 66 < m < 116 GeV, using
36.1 fb−1of data from proton–proton collisions recorded in
2015 and 2016 at a centre-of-mass energy of 13 TeV with the
ATLAS experiment at the LHC. This data-set allows cov-
erage of a kinematic range up to the TeV-range. The cross-
section results from the individual channels were combined
and good agreement between the two was observed. The rel-
ative precision of the combined result is better than 0.2%
for pT < 30 GeV, which provides crucial information to
validate and tune MC event generators and will constrain
models of vector-boson production in future measurements
of the W -boson mass.
The integrated fiducial cross-section measurements are
compared with fixed-order perturbative QCD predictions.
Differential spectra in pT and φ
∗
η are compared with a selec-
tion of calculations implementing resummation and non-
perturbative effects through parton showers or analytic calcu-
lations. The predictions based on the Pythia8 parton shower
with parameters tuned to 7 TeV data are found to describe the
13 TeV data well at low pT and φ
∗
η . The Sherpa prediction
based on merging of higher-order, high-multiplicity matrix
elements gives an excellent description of the data at high
pT , while the very accurate RadISH NNLO+N
3LL predic-
tion agrees with data for the full spectrum. The fixed-order
NNLOjet prediction with and without NLO EW effects
describes the data well for high pT .
Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Aus-
tralia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus;
CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS,
Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF
and DNSRC, Denmark; IN2P3-CNRS and CEA-DRF/IRFU, France;
SRNSFG, Georgia; BMBF, HGF and MPG, Germany; GSRT, Greece;
RGC and Hong Kong SAR, China; ISF and Benoziyo Center, Israel;
INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO, The
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; MES of Russia and NRC KI, Russia Federation;
JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia;
DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foun-
dation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzer-
land; MOST, Taiwan; TAEK, Turkey; STFC, UK; DOE and NSF, USA.
In addition, individual groups and members have received support from
BCKDF, CANARIE, Compute Canada and CRC, Canada; ERC, ERDF,
Horizon 2020, Marie Skłodowska-Curie Actions and COST, Euro-
pean Union; Investissements d’Avenir Labex, Investissements d’Avenir
Idex and ANR, France; DFG and AvH Foundation, Germany; Herak-
leitos, Thales and Aristeia programmes co-financed by EU-ESF and
the Greek NSRF, Greece; BSF-NSF and GIF, Israel; CERCA Pro-
gramme Generalitat de Catalunya and PROMETEO Programme Gen-
eralitat Valenciana, Spain; Göran Gustafssons Stiftelse, Sweden; The
Royal Society and Leverhulme Trust, UK. The crucial computing sup-
port from all WLCG partners is acknowledged gratefully, in particular
from CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF
(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Ger-
many), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide
and large non-WLCG resource providers. Major contributors of com-
puting resources are listed in Ref. [95].
Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All ATLAS sci-
entific output is published in journals, and preliminary results are made
available in Conference Notes. All are openly available, without restric-
tion on use by external parties beyond copyright law and the standard
conditions agreed by CERN. Data associated with journal publications
are also made available: tables and data from plots (e.g. cross section
values, likelihood profiles, selection efficiencies, cross section limits,
...) are stored in appropriate repositories such as HEPDATA (http://
hepdata.cedar.ac.uk/). ATLAS also strives to make additional material
related to the paper available that allows a reinterpretation of the data
in the context of new theoretical models. For example, an extended
encapsulation of the analysis is often provided for measurements in the
framework of RIVET (http://rivet.hepforge.org/). This information is
taken from the ATLAS Data Access Policy, which is a public docu-
ment that can be downloaded from http://opendata.cern.ch/record/413
[opendata.cern.ch].]
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-




Eur. Phys. J. C (2020) 80 :616 Page 13 of 28 616
References
1. S.D. Drell, T.-M. Yan, Massive lepton pair production in hadron–
hadron collisions at high-energies. Phys. Rev. Lett. 25, 316 (1970)
2. J.C. Collins, D.E. Soper, G.F. Sterman, Transverse momentum dis-
tribution in Drell–Yan pair and W and Z boson Production. Nucl.
Phys. B 250, 199 (1985)
3. C. Balázs, C.-P. Yuan, Soft gluon effects on lepton pairs at hadron
colliders. Phys. Rev. D 56, 5558 (1997). arXiv:hep-ph/9704258
4. T. Becher, M. Neubert, Drell–Yan production at small qT , trans-
verse parton distributions and the collinear anomaly. Eur. Phys. J.
C 71, 1665 (2011). arXiv:1007.4005 [hep-ph]
5. S. Catani, D. de Florian, G. Ferrera, M. Grazzini, Vector boson
production at hadron colliders: transverse-momentum resumma-
tion and leptonic decay. JHEP 12, 047 (2015). arXiv:1507.06937
[hep-ph]
6. M.A. Ebert, F.J. Tackmann, Resummation of transverse momen-
tum distributions in distribution space. JHEP 02, 110 (2017).
arXiv:1611.08610 [hep-ph]
7. W. Bizon, P.F. Monni, E. Re, L. Rottoli, P. Torrielli, Momentum-
space resummation for transverse observables and the Higgs p⊥ at
N3LL+NNLO. JHEP 02, 108 (2018). arXiv:1705.09127 [hep-ph]
8. K. Melnikov, F. Petriello, Electroweak gauge boson production at
hadron colliders through O(α2s ). Phys. Rev. D 74, 114017 (2006).
arXiv:hep-ph/0609070
9. Y. Li, F. Petriello, Combining QCD and electroweak corrections
to dilepton production in FEWZ. Phys. Rev. D 86, 094034 (2012).
arXiv:1208.5967 [hep-ph]
10. S. Catani, L. Cieri, G. Ferrera, D. de Florian, M. Grazzini, Vec-
tor Boson production at hadron colliders: a fully exclusive QCD
calculation at next-to-next-to-leading order. Phys. Rev. Lett. 103,
082001 (2009). arXiv:0903.2120 [hep-ph]
11. R. Boughezal et al., Z-boson production in association with a jet
at next-to-next-to-neading order in perturbative QCD. Phys. Rev.
Lett. 116, 152001 (2016). arXiv:1512.01291 [hep-ph]
12. A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss,
T.A. Morgan, Precise QCD predictions for the production of a
Z boson in association with a hadronic jet. Phys. Rev. Lett. 117,
022001 (2016). arXiv:1507.02850 [hep-ph]
13. A. Denner, S. Dittmaier, T. Kasprzik, A. Mück, Electroweak cor-
rections to dilepton + jet production at hadron colliders. JHEP 06,
069 (2011). arXiv:1103.0914 [hep-ph]
14. S. Kallweit, J.M. Lindert, P. Maierhöfer, S. Pozzorini, M. Schön-
herr, NLO QCD+EW predictions for V + jets including off-shell
vector-boson decays and multijet merging. JHEP 04, 021 (2016).
arXiv:1511.08692 [hep-ph]
15. J.M. Lindert et al., Precise predictions for V+jets dark matter back-
grounds. Eur. Phys. J. C77, 829 (2017). arXiv:1705.04664 [hep-ph]
16. J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note. Eur. Phys.
J. C 76, 196 (2016). arXiv:1512.01178 [hep-ph]
17. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput. Phys.
Commun. 191, 159 (2015). arXiv:1410.3012 [hep-ph]
18. E. Bothmann et al., Event generation with Sherpa 2.2. Sci. Post
Phys. 7, 034 (2019). arXiv:1905.09127 [hep-ph]
19. ATLAS Collaboration, Search for dark matter and other new phe-
nomena in events with an energetic jet and large missing trans-
verse momentum using the ATLAS detector. JHEP 01, 126 (2018).
arXiv:1711.03301 [hep-ex]
20. ATLAS Collaboration, Measurement of the W-boson mass in pp
collisions at
√
s = 7 TeV with the ATLAS detector. Eur. Phys. J.
C 78, 110 (2018). arXiv:1701.07240 [hep-ex]. Erratum: Eur. Phys.
J. C 78 (2018) 898
21. ATLAS Collaboration, Measurement of the transverse momentum
distribution of W bosons in pp collisions at
√
s = 7 TeV with the
ATLAS detector. Phys. Rev. D85, 012005 (2012). arXiv:1108.6308
[hep-ex]
22. ATLAS Collaboration, Measurement of the Z/γ ∗ boson transverse
momentum distribution in pp collisions at
√
s = 7 TeV with the
ATLAS detector. JHEP 09, 145 (2014). arXiv:1406.3660 [hep-ex]
23. ATLAS Collaboration, Measurement of the transverse momentum
and φ∗η distributions of Drell-Yan lepton pairs in proton–proton
collisions at
√
s = 8 TeV with the ATLAS detector. Eur. Phys. J.
C 76, 291 (2016). arXiv:1512.02192 [hep-ex]
24. CMS Collaboration, Measurements of differential Z boson pro-
duction cross sections in proton–proton collisions at
√
s = 13
TeV. JHEP 12, 061 (2019). arXiv:1909.04133 [hep-ex]
25. CMS Collaboration, Measurement of differential cross sections
in the kinematic angular variable φ∗ for inclusive Z boson pro-
duction in pp collisions at
√
s = 8 TeV. JHEP 03, 172 (2018).
arXiv:1710.07955 [hep-ex]
26. CMS Collaboration, Measurement of the transverse momentum
spectra of weak vector bosons produced in proton-proton collisions
at
√
s = 8 TeV. JHEP 02, 096 (2017). arXiv:1606.05864 [hep-ex]
27. CMS Collaboration, Measurement of the Z boson differential cross
section in transverse momentum and rapidity in proton-proton col-
lisions at 8 TeV. Phys. Lett. B 749, 187 (2015). arXiv:1504.03511
[hep-ex]
28. CMS Collaboration, Measurement of the rapidity and transverse
momentum distributions of Z bosons in pp collisions at
√
s = 7
TeV. Phys. Rev. D 85, 032002 (2012). arXiv:1110.4973 [hep-ex]
29. LHCb Collaboration, Measurement of the forward Z boson pro-
duction cross-section in pp collisions at
√
s = 7 TeV. JHEP 08,
039 (2015). arXiv:1505.07024 [hep-ex]
30. LHCb Collaboration, Measurement of forward W and Z boson
production in association with jets in proton-proton collisions at√
s = 8 TeV. JHEP 05, 131 (2016). arXiv:1605.00951 [hep-ex]
31. LHCb Collaboration, Measurement of the forward Z boson pro-
duction cross-section in pp collisions at
√
s = 13 TeV. JHEP 09,
136 (2016). arXiv:1607.06495 [hep-ex]
32. T. Aaltonen et al., Transverse momentum cross section of e+e−
pairs in the Z -boson region from p p̄ collisions at
√
s = 1.96 TeV.
Phys. Rev. D 86, 052010 (2012). arXiv:1207.7138 [hep-ex]
33. V.M. Abazov et al., Measurement of the normalized Z/γ ∗ →
μ+μ− transverse momentum distribution in p p̄ collisions at
√
s =
1.96 TeV. Phys. Lett. B 693, 522 (2010). arXiv:1006.0618 [hep-ex]
34. V.M. Abazov et al., Precise study of the Z/γ ∗ Boson transverse
momentum distribution in p p̄ collisions using a novel technique.
Phys. Rev. Lett. 106, 122001 (2011). arXiv:1010.0262 [hep-ex]
35. A. Banfi, S. Redford, M. Vesterinen, P. Waller, T.R. Wyatt, Opti-
misation of variables for studying dilepton transverse momentum
distributions at hadron colliders. Eur. Phys. J. C 71, 1600 (2011).
arXiv:1009.1580 [hep-ex]
36. ATLAS Collaboration, The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3, S08003 (2008)
37. B. Abbott et al., Production and integration of the ATLAS
Insertable B-Layer. JINST 13, T05008 (2018). arXiv:1803.00844
[physics.ins-det]
38. ATLAS Collaboration, ATLAS Insertable B-Layer Technical
Design Report, ATLAS-TDR-19, (2010), https://cds.cern.ch/
record/1291633, Addendum: ATLAS-TDR-19-ADD-1, (2012),
https://cds.cern.ch/record/1451888
39. ATLAS Collaboration, Performance of the ATLAS trigger system
in 2015. Eur. Phys. J. C 77, 317 (2017). arXiv:1611.09661 [hep-ex]
40. P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms. JHEP 11, 040 (2004).
arXiv:hep-ph/0409146
41. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations
with parton shower simulations: the POWHEG method. JHEP 11,
070 (2007). arXiv:0709.2092 [hep-ph]
123
616 Page 14 of 28 Eur. Phys. J. C (2020) 80 :616
42. S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for
implementing NLO calculations in shower Monte Carlo programs:
the POWHEG BOX. JHEP 06, 043 (2010). arXiv:1002.2581 [hep-
ph]
43. S. Alioli, P. Nason, C. Oleari, E. Re, NLO vector-boson produc-
tion matched with shower in POWHEG. JHEP 07, 060 (2008).
arXiv:0805.4802 [hep-ph]
44. H.-L. Lai et al., New parton distributions for collider physics. Phys.
Rev. D 82, 074024 (2010). arXiv:1007.2241 [hep-ph]
45. J. Pumplin et al., New Generation of Parton Distributions with
Uncertainties from Global QCD Analysis. JHEP 07, 012 (2002).
arXiv:hep-ph/0201195
46. P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for
QED corrections in Z and W decays. Eur. Phys. J. C 45, 97 (2006).
arXiv:hep-ph/0506026
47. N. Davidson, T. Przedzinski, Z. Was, PHOTOS Interface in C++:
Technical and Physics Documentation. Comput. Phys. Commun.
199, 86 (2016). arXiv:1011.0937 [hep-ph]
48. D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001)
49. P. Nason, G. Zanderighi, W+W−, WZ and Z Z production
in the POWHEG-BOX-V2. Eur. Phys. J. C 74, 2702 (2014).
arXiv:1311.1365 [hep-ph]
50. S. Frixione, P. Nason, G. Ridolfi, A positive-weight next-to-
leading-order Monte Carlo for heavy flavour hadroproduction.
JHEP 09, 126 (2007). arXiv:0707.3088 [hep-ph]
51. E. Re, Single-top Wt -channel production matched with parton
showers using the POWHEG method. Eur. Phys. J. C 71, 1547
(2011). arXiv:1009.2450 [hep-ph]
52. T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 Physics and
Manual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175
53. P.Z. Skands, Tuning Monte Carlo generators: The Perugia tunes.
Phys. Rev. D 82, 074018 (2010). arXiv:1005.3457 [hep-ph]
54. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-
PHYS-PUB-2014-021 (2014). https://cds.cern.ch/record/1966419
55. R.D. Ball et al., Parton distributions for the LHC Run II. JHEP 04,
040 (2015). arXiv:1410.8849 [hep-ph]
56. R.D. Ball et al., Parton distributions with QED corrections. Nucl.
Phys. B 877, 290 (2013). arXiv:1308.0598 [hep-ph]
57. A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distribu-
tions for the LHC. Eur. Phys. J. C 63, 189 (2009). arXiv:0901.0002
[hep-ph]
58. ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-
PHYS-PUB-2012-003 (2012). https://cds.cern.ch/record/1474107
59. S. Agostinelli et al., GEANT4 - a simulation toolkit. Nucl. Instrum.
Methods A 506, 250 (2003)
60. ATLAS Collaboration, The ATLAS simulation infrastructure. Eur.
Phys. J. C 70, 823 (2010). arXiv:1005.4568 [physics.ins-det]
61. ATLAS Collaboration, Muon reconstruction performance of the
ATLAS detector in proton–proton collision data at
√
s = 13 TeV.
Eur. Phys. J. C 76, 292 (2016). arXiv:1603.05598 [hep-ex]
62. ATLAS Collaboration, Electron reconstruction and identification
in the ATLAS experiment using the 2015 and 2016 LHC proton–
proton collision data at
√
s = 13 TeV. Eur. Phys. J. C 79, 639
(2019). arXiv:1902.04655 [hep-ex]
63. ATLAS Collaboration, Electron and photon energy calibration with
the ATLAS detector using 2015–2016 LHC proton–proton colli-
sion data. JINST 14, P03017 (2019). arXiv:1812.03848 [hep-ex]
64. ATLAS Collaboration, Performance of electron and photon triggers
in ATLAS during LHC Run 2 (2019). arXiv:1909.00761 [hep-ex]
65. G. D’Agostini, A multidimensional unfolding method based on
Bayes’ theorem. Nucl. Instrum. Meth. Phys. Res. A A362, 487
(1995)
66. G. D’Agostini, Improved iterative Bayesian unfolding (2010).
arXiv:1010.0632 [physics.data-an]
67. T. Adye, Unfolding algorithms and tests using RooUnfold (2011).
arXiv:1105.1160 [physics.data-an]
68. ATLAS Collaboration, Measurement of the Inelastic Proton–
Proton Cross Section at
√
s = 13 TeV with the ATLAS Detector at
the LHC. Phys. Rev. Lett. 117, 182002 (2016). arXiv:1606.02625
[hep-ex]
69. A. Buckley et al., LHAPDF6: parton density access in the LHC
precision era. Eur. Phys. J. C 75, 132 (2015). arXiv:1412.7420
[hep-ph]
70. ATLAS Collaboration, Luminosity determination in pp collisions
at
√
s = 13 TeV using the ATLAS detector at the LHC, ATLAS-
CONF-2019-021 (2019). https://cds.cern.ch/record/2677054
71. G. Avoni et al., The new LUCID-2 detector for luminosity mea-
surement and monitoring in ATLAS. JINST 13, P07017 (2018)
72. ATLAS Collaboration, Measurements of top-quark pair to Z-boson
cross-section ratios at
√
s = 13, 8, 7 TeV with the ATLAS detector.
JHEP 02, 117 (2017). arXiv:1612.03636 [hep-ex]
73. L. Lyons, D. Gibaut, P. Clifford, How to combine correlated esti-
mates of a single physical quantity. Nucl. Instrum. Methods A 270,
110 (1988)
74. A. Valassi, Combining correlated measurements of several differ-
ent physical quantities. Nucl. Instrum. Methods A 500, 391 (2003)
75. R. Nisius, On the combination of correlated estimates of a physics
observable. Eur. Phys. J. C 74, 3004 (2014). arXiv:1402.4016
[physics.data-an]
76. ATLAS Collaboration, Measurement of W± and Z -boson pro-
duction cross sections in pp collisions at
√
s = 13 TeV with the
ATLAS detector. Phys. Lett. B 759, 601 (2016). arXiv:1603.09222
[hep-ex]
77. S. Camarda et al., DYTurbo: Fast predictions for Drell–Yan pro-
cessess(2019).arXiv:1910.07049 [hep-ph]
78. S. Dulat et al., New parton distribution functions from a global
analysis of quantum chromodynamics. Phys. Rev. D 93, 033006
(2016). arXiv:1506.07443 [hep-ph]
79. W.F.L. Hollik, Radiative corrections in the standard model and their
role for precision tests of the electroweak theory. Fortsch. Phys. 38,
165 (1990)
80. ATLAS Collaboration, Measurement of angular correlations in
Drell-Yan lepton pairs to probe Z/γ ∗ boson transverse momen-
tum at
√
s = 7 TeV with the ATLAS detector.Phys. Lett. B 720,
32 (2013). arXiv:1211.6899 [hep-ex]
81. T. Gleisberg, S. Höche, Comix, a new matrix element generator.
JHEP 12, 039 (2008). arXiv:0808.3674 [hep-ph]
82. F. Cascioli, P. Maierhofer, S. Pozzorini, Scattering amplitudes with
open loops. Phys. Rev. Lett. 108, 111601 (2012). arXiv:1111.5206
[hep-ph]
83. A. Denner, S. Dittmaier, L. Hofer, Collier: a fortran-based com-
plex one-loop library in extended regularizations. Comput. Phys.
Commun. 212, 220 (2017). arXiv:1604.06792 [hep-ph]
84. S. Schumann, F. Krauss, A parton shower algorithm based
on Catani-Seymour dipole factorisation. JHEP 03, 038 (2008).
arXiv:0709.1027 [hep-ph]
85. J.-C. Winter, F. Krauss, G. Soff, A modified cluster-hadronisation
model. Eur. Phys. J. C 36, 381 (2004). arXiv:hep-ph/0311085 [hep-
ph]
86. S. Höche, F. Krauss, M. Schönherr, F. Siegert, A critical
appraisal of NLO+PS matching methods. JHEP 09, 049 (2012).
arXiv:1111.1220 [hep-ph]
87. S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD matrix elements
+ parton showers. JHEP 11, 063 (2001). arXiv:hep-ph/0109231
88. S. Höche, F. Krauss, S. Schumann, F. Siegert, QCD matrix elements
and truncated showers. JHEP 05, 053 (2009). arXiv:0903.1219
[hep-ph]
89. S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix ele-
ments + parton showers: the NLO case. JHEP 04, 027 (2013).
arXiv:1207.5030 [hep-ph]
123
Eur. Phys. J. C (2020) 80 :616 Page 15 of 28 616
90. E. Bothmann, M. Schönherr, S. Schumann, Reweighting QCD
matrix-element and parton-shower calculations. Eur. Phys. J. C
76, 590 (2016). arXiv:1606.08753 [hep-ph]
91. W. Bizon et al., The transverse momentum spectrum of weak
gauge bosons at N3LL+NNLO. Eur. Phys. J. C 79, 868 (2019).
arXiv:1905.05171 [hep-ph]
92. W. Bizon et al., Fiducial distributions in Higgs and Drell-Yan pro-
duction at N3LL+NNLO. JHEP 12, 132 (2018). arXiv:1805.05916
[hep-ph]
93. A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss,
T.A. Morgan, NNLO QCD corrections for Drell-Yan pZT and φ
∗
observables at the LHC. JHEP 11, 094 (2016). arXiv:1610.01843
[hep-ph].Erratum: JHEP 10 (2018) 126
94. R.D. Ball et al., Parton distributions from high-precision collider
data. Eur. Phys. J. C 77, 663 (2017). arXiv:1706.00428 [hep-ph]
95. ATLAS Collaboration, ATLAS Computing Acknowledgements,
ATL-GEN-PUB-2016-002.https://cds.cern.ch/record/2202407
ATLAS Collaboration
G. Aad102, B. Abbott129, D. C. Abbott103, A. Abed Abud36, K. Abeling53, D. K. Abhayasinghe94, S. H. Abidi167,
O. S. AbouZeid40, N. L. Abraham156, H. Abramowicz161, H. Abreu160, Y. Abulaiti6, B. S. Acharya67a,67b,n, B. Achkar53,
S. Adachi163, L. Adam100, C. Adam Bourdarios5, L. Adamczyk84a, L. Adamek167, J. Adelman121, M. Adersberger114,
A. Adiguzel12c, S. Adorni54, T. Adye144, A. A. Affolder146, Y. Afik160, C. Agapopoulou65, M. N. Agaras38, A. Aggarwal119,
C. Agheorghiesei27c, J. A. Aguilar-Saavedra140f,140a,ag, F. Ahmadov80, W. S. Ahmed104, X. Ai18, G. Aielli74a,74b,
S. Akatsuka86, T. P. A. Åkesson97, E. Akilli54, A. V. Akimov111, K. Al Khoury65, G. L. Alberghi23a,23b, J. Albert176,
M. J. Alconada Verzini161, S. Alderweireldt36, M. Aleksa36, I. N. Aleksandrov80, C. Alexa27b, T. Alexopoulos10,
A. Alfonsi120, F. Alfonsi23a,23b, M. Alhroob129, B. Ali142, M. Aliev166, G. Alimonti69a, S. P. Alkire148, C. Allaire65,
B. M. M. Allbrooke156, B. W. Allen132, P. P. Allport21, A. Aloisio70a,70b, F. Alonso89, C. Alpigiani148, A. A. Alshehri57,
E. Alunno Camelia74a,74b, M. Alvarez Estevez99, M. G. Alviggi70a,70b, Y. Amaral Coutinho81b, A. Ambler104,
L. Ambroz135, C. Amelung26, D. Amidei106, S. P. Amor Dos Santos140a, S. Amoroso46, C. S. Amrouche54,
F. An79, C. Anastopoulos149, N. Andari145, T. Andeen11, C. F. Anders61b, J. K. Anders20, A. Andreazza69a,69b,
V. Andrei61a, C. R. Anelli176, S. Angelidakis38, A. Angerami39, A. V. Anisenkov122a,122b, A. Annovi72a, C. Antel54,
M. T. Anthony149, E. Antipov130, M. Antonelli51, D. J. A. Antrim171, F. Anulli73a, M. Aoki82, J. A. Aparisi Pozo174,
L. Aperio Bella15a, J. P. Araque140a, V. Araujo Ferraz81b, R. Araujo Pereira81b, C. Arcangeletti51, A. T. H. Arce49,
F. A. Arduh89, J.-F. Arguin110, S. Argyropoulos78, J.-H. Arling46, A. J. Armbruster36, A. Armstrong171, O. Arnaez167,
H. Arnold120, Z. P. Arrubarrena Tame114, G. Artoni135, S. Artz100, S. Asai163, T. Asawatavonvanich165, N. Asbah59,
E. M. Asimakopoulou172, L. Asquith156, J. Assahsah35d, K. Assamagan29, R. Astalos28a, R. J. Atkin33a, M. Atkinson173,
N. B. Atlay19, H. Atmani65, K. Augsten142, G. Avolio36, R. Avramidou60a, M. K. Ayoub15a, A. M. Azoulay168b,
G. Azuelos110,ar, H. Bachacou145, K. Bachas68a,68b, M. Backes135, F. Backman45a,45b, P. Bagnaia73a,73b, M. Bahmani85,
H. Bahrasemani152, A. J. Bailey174, V. R. Bailey173, J. T. Baines144, M. Bajic40, C. Bakalis10, O. K. Baker183,
P. J. Bakker120, D. Bakshi Gupta8, S. Balaji157, E. M. Baldin122a,122b, P. Balek180, F. Balli145, W. K. Balunas135,
J. Balz100, E. Banas85, A. Bandyopadhyay24, Sw. Banerjee181,i, A. A. E. Bannoura182, L. Barak161, W. M. Barbe38,
E. L. Barberio105, D. Barberis55a,55b, M. Barbero102, G. Barbour95, T. Barillari115, M.-S. Barisits36, J. Barkeloo132,
T. Barklow153, R. Barnea160, S. L. Barnes60c, B. M. Barnett144, R. M. Barnett18, Z. Barnovska-Blenessy60a,
A. Baroncelli60a, G. Barone29, A. J. Barr135, L. Barranco Navarro45a,45b, F. Barreiro99, J. Barreiro Guimarães da Costa15a,
S. Barsov138, R. Bartoldus153, G. Bartolini102, A. E. Barton90, P. Bartos28a, A. Basalaev46, A. Basan100, A. Bassalat65,am,
M. J. Basso167, R. L. Bates57, S. Batlamous35e, J. R. Batley32, B. Batool151, M. Battaglia146, M. Bauce73a,73b,
F. Bauer145, K. T. Bauer171, H. S. Bawa31, J. B. Beacham49, T. Beau136, P. H. Beauchemin170, F. Becherer52,
P. Bechtle24, H. C. Beck53, H. P. Beck20,r, K. Becker178, C. Becot46, A. Beddall12d, A. J. Beddall12a, V. A. Bednyakov80,
M. Bedognetti120, C. P. Bee155, T. A. Beermann182, M. Begalli81b, M. Begel29, A. Behera155, J. K. Behr46,
F. Beisiegel24, A. S. Bell95, G. Bella161, L. Bellagamba23b, A. Bellerive34, P. Bellos9, K. Beloborodov122a,122b,
K. Belotskiy112, N. L. Belyaev112, D. Benchekroun35a, N. Benekos10, Y. Benhammou161, D. P. Benjamin6, M. Benoit54,
J. R. Bensinger26, S. Bentvelsen120, L. Beresford135, M. Beretta51, D. Berge46, E. Bergeaas Kuutmann172, N. Berger5,
B. Bergmann142, L. J. Bergsten26, J. Beringer18, S. Berlendis7, G. Bernardi136, C. Bernius153, F. U. Bernlochner24,
T. Berry94, P. Berta100, C. Bertella15a, I. A. Bertram90, O. Bessidskaia Bylund182, N. Besson145, A. Bethani101,
S. Bethke115, A. Betti42, A. J. Bevan93, J. Beyer115, D. S. Bhattacharya177, P. Bhattarai26, R. Bi139, R. M. Bianchi139,
O. Biebel114, D. Biedermann19, R. Bielski36, K. Bierwagen100, N. V. Biesuz72a,72b, M. Biglietti75a, T. R. V. Billoud110,
M. Bindi53, A. Bingul12d, C. Bini73a,73b, S. Biondi23a,23b, M. Birman180, T. Bisanz53, J. P. Biswal161, D. Biswas181,i,
A. Bitadze101, C. Bittrich48, K. Bjørke134, K. M. Black25, T. Blazek28a, I. Bloch46, C. Blocker26, A. Blue57,
U. Blumenschein93, G. J. Bobbink120, V. S. Bobrovnikov122a,122b, S. S. Bocchetta97, A. Bocci49, D. Boerner46,
123
616 Page 16 of 28 Eur. Phys. J. C (2020) 80 :616
D. Bogavac14, A. G. Bogdanchikov122a,122b, C. Bohm45a, V. Boisvert94, P. Bokan53,172, T. Bold84a, A. S. Boldyrev113,
A. E. Bolz61b, M. Bomben136, M. Bona93, J. S. Bonilla132, M. Boonekamp145, C. D. Booth94, H. M. Borecka-Bielska91,
A. Borisov123, G. Borissov90, J. Bortfeldt36, D. Bortoletto135, D. Boscherini23b, M. Bosman14, J. D. Bossio Sola104,
K. Bouaouda35a, J. Boudreau139, E. V. Bouhova-Thacker90, D. Boumediene38, S. K. Boutle57, A. Boveia127, J. Boyd36,
D. Boye33c,an, I. R. Boyko80, A. J. Bozson94, J. Bracinik21, N. Brahimi102, G. Brandt182, O. Brandt32, F. Braren46,
B. Brau103, J. E. Brau132, W. D. Breaden Madden57, K. Brendlinger46, L. Brenner46, R. Brenner172, S. Bressler180,
B. Brickwedde100, D. L. Briglin21, D. Britton57, D. Britzger115, I. Brock24, R. Brock107, G. Brooijmans39, W. K. Brooks147c,
E. Brost121, J. H. Broughton21, P. A. Bruckman de Renstrom85, D. Bruncko28b, A. Bruni23b, G. Bruni23b, L. S. Bruni120,
S. Bruno74a,74b, M. Bruschi23b, N. Bruscino73a,73b, P. Bryant37, L. Bryngemark97, T. Buanes17, Q. Buat36, P. Buchholz151,
A. G. Buckley57, I. A. Budagov80, M. K. Bugge134, F. Bührer52, O. Bulekov112, T. J. Burch121, S. Burdin91,
C. D. Burgard120, A. M. Burger130, B. Burghgrave8, J. T. P. Burr46, C. D. Burton11, J. C. Burzynski103, V. Büscher100,
E. Buschmann53, P. J. Bussey57, J. M. Butler25, C. M. Buttar57, J. M. Butterworth95, P. Butti36, W. Buttinger36,
C. J. Buxo Vazquez107, A. Buzatu158, A. R. Buzykaev122a,122b, G. Cabras23a,23b, S. Cabrera Urbán174, D. Caforio56,
H. Cai173, V. M. M. Cairo153, O. Cakir4a, N. Calace36, P. Calafiura18, A. Calandri102, G. Calderini136, P. Calfayan66,
G. Callea57, L. P. Caloba81b, A. Caltabiano74a,74b, S. Calvente Lopez99, D. Calvet38, S. Calvet38, T. P. Calvet155,
M. Calvetti72a,72b, R. Camacho Toro136, S. Camarda36, D. Camarero Munoz99, P. Camarri74a,74b, D. Cameron134,
R. Caminal Armadans103, C. Camincher36, S. Campana36, M. Campanelli95, A. Camplani40, A. Campoverde151,
V. Canale70a,70b, A. Canesse104, M. Cano Bret60c, J. Cantero130, T. Cao161, Y. Cao173, M. D. M. Capeans Garrido36,
M. Capua41a,41b, R. Cardarelli74a, F. Cardillo149, G. Carducci41a,41b, I. Carli143, T. Carli36, G. Carlino70a, B. T. Carlson139,
L. Carminati69a,69b, R. M. D. Carney45a,45b, S. Caron119, E. Carquin147c, S. Carrá46, J. W. S. Carter167, M. P. Casado14,e,
A. F. Casha167, D. W. Casper171, R. Castelijn120, F. L. Castillo174, L. Castillo Garcia14, V. Castillo Gimenez174,
N. F. Castro140a,140e, A. Catinaccio36, J. R. Catmore134, A. Cattai36, V. Cavaliere29, E. Cavallaro14, M. Cavalli-Sforza14,
V. Cavasinni72a,72b, E. Celebi12b, L. Cerda Alberich174, K. Cerny131, A. S. Cerqueira81a, A. Cerri156, L. Cerrito74a,74b,
F. Cerutti18, A. Cervelli23a,23b, S. A. Cetin12b, Z. Chadi35a, D. Chakraborty121, W. S. Chan120, W. Y. Chan91,
J. D. Chapman32, B. Chargeishvili159b, D. G. Charlton21, T. P. Charman93, C. C. Chau34, S. Che127, S. Chekanov6,
S. V. Chekulaev168a, G. A. Chelkov80,aq, M. A. Chelstowska36, B. Chen79, C. Chen60a, C. H. Chen79, H. Chen29,
J. Chen60a, J. Chen39, J. Chen26, S. Chen137, S. J. Chen15c, X. Chen15b, Y.-H. Chen46, H. C. Cheng63a, H. J. Cheng15a,
A. Cheplakov80, E. Cheremushkina123, R. Cherkaoui El Moursli35e, E. Cheu7, K. Cheung64, T. J. A. Chevalérias145,
L. Chevalier145, V. Chiarella51, G. Chiarelli72a, G. Chiodini68a, A. S. Chisholm21, A. Chitan27b, I. Chiu163, Y. H. Chiu176,
M. V. Chizhov80, K. Choi66, A. R. Chomont73a,73b, S. Chouridou162, Y. S. Chow120, M. C. Chu63a, X. Chu15a,15d,
J. Chudoba141, A. J. Chuinard104, J. J. Chwastowski85, L. Chytka131, D. Cieri115, K. M. Ciesla85, D. Cinca47,
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